The degradation of AlGaN/GaN high electron mobility transistors (HEMTs) has a close relationship with a model of traps in AlGaN barriers as a result of high electric field. We mainly discuss the impacts of strong electrical field on the AlGaN barrier thickness of AlGaN/GaN HEMTs. It is found that the device with a thin AlGaN barrier layer is more easily degraded. We study the degradation of four parameters, i.e. the gate series resistance Gate, channel resistance channel , gate current G,off at GS = −5 and DS = 0.1 V, and drain current D,max at GS = 2 and DS = 5 V. In addition, the degradation mechanisms of the device electrical parameters are also investigated in detail. High electron mobility transistors (HEMTs) based on AlGaN/GaN heterostructures have been extensively studied for their potential applications in high power, high frequency, high temperature amplifiers, [1−3] and cell phone base stations and radars. [4−7] However, one of the major factors that limit the performance and reliability of GaN HEMTs for high-power rf applications is their relatively high gate leakage. The gate leakage reduces the breakdown voltage and the power-added efficiency while increasing the noise figure. The thickness of the AlGaN layer is basically connected with the gate leakage. To date, few researchers have studied the reliability of gate leakage with different AlGaN layer thicknesses under strong electrical field. Therefore, we analyze the degradation of the gate leakage with different AlGaN layers under strong electrical field by studying parasitic series resistance changes.
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In this study, different AlGaN barrier thicknesses of the AlGaN/GaN HEMTs were under a high gate bias, in other words, under pinch-off and low drain current conditions. Parasitic series resistance analysis was conducted to find gate leakage changes after the reliability test. These traps in the AlGaN barrier layer would be responsible for degradation in electron concentration and carrier transport along the channel. Here, the key factor that leads to an increase of gate leakage is the tunneling current that is due to electrons tunneling to deep levels in AlGaN barriers, which is the elucidation of the correlation between those traps and the degradation of electrical properties.
Two wafers with un-doped AlGaN/GaN heterostructures were grown by MOCVD on 2 ′′ sapphire substrates. They have an AlN sub-buffer, an unintentionally doped GaN buffer (∼ 1 µm), and finally have different thicknesses of the unintentionally doped AlGaN top barrier layer (20 nm and 30 nm), called device A and device B, respectively. The Al mole fraction determined by x-ray diffraction was nominally 30%. Firstly, mesa isolation was performed by reactive ion etching (RIE) with Cl 2 . Secondly, ohmic contacts were formed with Ti/Al/Ni/Au (22 nm/140 nm/55 nm/45 nm) by rapid thermal annealing at 870 ∘ C in N 2 for 30 s. Thirdly, the SiN film (∼ 60 nm) was deposited as a passivation layer using plasma enhanced chemical vapor deposition (PECVD) at 250 ∘ C Then, the mushroom gates were defined by lithography, which was used to yield a liftoff overhang of about 0.5 µm and the SiN was removed in the openings using a CF 4 RIE. Finally, Ni/Au (20 nm/140 nm) metals were e-beam evaporated to form Schottky contacts. That method directly resulted in gates with self-aligned slanted field plates in a single process.
The electrical reliability evaluation typically involves step-stress experiments, which means that the gate stress is increased in a step manner over time. The measurement setup was built by using an Agilent 1500 A semiconductor analyzer for gate electrical stress (step from −10 to −50 V in 1 V steps every 1 min). The step-stress experiments in the DS = 0 state and the whole system was controlled by a computer. All the electrical parameters were measured after 1 min electrical stress. Figure 1 shows the evolution of the stress volt-age and current as a function of time. We find that G,stress of device A increases more rapidly than that of sample B under the same high negative G,stress . It indicates that the thin AlGaN barrier layer is more easily degraded under the high negative G,stress . As we know, G stress is closely related to the quality of the Schottky contact. When the Schottky contacts deteriorate, G,stress will increase. The degradation of the Schottky contact is mainly caused by trap-assisted tunneling current. Figure 2 shows the changes of Gate and channel under the step-stress experiment. Here, Gate (differentiating the gate voltage and gate current) is defined as the parasitic series resistance under the gate, and channel (the slope of drain voltage and drain current in the linear region of the output curve) is defined as the channel resistance.
Gate decreases as DG increases, which indicates that the ideal factor of the Schottky contact has deteriorated and tunneling current has increased, especially in device A (shown in Fig. 2 ). These filled traps lead to tunneling current increase and Gate decreases. Therefore, Gate in device A reduces faster than Gate in device B with the increase of DG . Figure 2 shows the change in channel as the stress experiment proceeds. There is negligible degradation up to around DG = 29 V. At this voltage, the degradation of channel in the device starts sharply and increases as the stress experiment proceeds. Figure 3 depicts the result of a step-stress experiment in the OFF-state. It can be seen that D,max and G,off start to degrade with the increase of DG,stress . It is found that G,off of device A increases more rapidly than that of device B under the high negative DG,stress . However, the opposite situation occurs in D,max . These degradation phenomena are related to the traps in the AlGaN barrier layer. If these traps are filled with electrons, their electrostatic partially depletes the electron charge in the channel, therefore leading to the decrease of D,max and the increase of The trapping hypothesis has been verified in two different AlGaN layer thickness devices in Fig. 4 and we have observed electron de-trapping. Also, microscope light helps the recovery of D,max which suggests 027102-2 enhanced electron de-trapping. It indicates that the traps in the thin AlGaN layer under strong electric field trap or de-trap the electrons more easily than those in the thick one. Figure 5(a) shows that the trap-assisted tunneling current changes with the electrical field. In the high electrical field region, tunneling of the gate current flowing through the barrier layer happened, as shown in Fig. 5 (black line) . We find that the tunneling current makes a greater contribution to the gate leakage current for thin AlGaN barrier layers. According to Fig. 5(a) , we can obtain the equation of ln( G,leakage1 / G,leakage2 ) = * ln( 1 / 2 ) in the high electrical field. Here = −4.42 is the fitting parameter from Fig. 5(a) and is the thickness of the AlGaN layer. If 2 is thicker than 24 nm, the value of G,leakage would reduce by half. A pictorial view of the role of traps in degraded AlGaN/GaN HEMTs after an OFF-state experiment is shown in Fig. 5(b) . The traps provide a leakage path for electrons from the gate to the channel across the AlGaN barrier. This path leads to the increase of G,off and decrease of parasitic series resistance under the gate.
In summary, the reliability of AlGaN/GaN HEMTs with different AlGaN barrier thicknesses under strong electrical field has been investigated. It is found that the device with a thin AlGaN barrier layer shows earlier and stronger degradation when the reverse electrical field beneath the gate increases. These degradation phenomena have a close relationship with the traps in the barrier layer, leading to the increase of channel resistance channel and off-state gate leakage current G,off , and the decrease of the maximum drain current D,max and gate series resistance Gate . Therefore, choosing a suitable AlGaN barrier layer thickness can effectively improve the device reliability.
